The densities of the coexisting phases and the capillary length have been measured to obtain the interfacial tension (u) near the consolute temperatures Tc of the three binary liquid mixtures: triethylamine + water, triethylamine + heavy water, and methanol + cyclohexane. Our data are combined with data from the literature to test predictions for three temperature-independent "universal" ratios: 
I. INTRODUCTION
The principle of two-scale-factor universality of critical phenomena as stated by Stauffer et al. I asserts that close enough to the critical temperature Tc within each universality class, the singular part of the free energy per unit volume belonging to a region of volume S' is a universal function of a single variable: h I I t 12 -a -f3. (Here S is the correlation length, d is the dimensionality of space, t = (T -Tc )IT c ' h is the thermodynamic field variable conjugate to the order parameter, and a and f3 are the usual critical exponents. J
The principle of two-scale-factor universality is consistent with renormalization group calculations of the critical behavior of the Landau-Ginsburg-Wilson Hamiltonian. This principle is consistent with our knowledge of three dimensional systems with a scalar order parameter including liquid-vapor systems near critical points, 2 binary liquid mixtures near consolute points, 3 and Ising models. 1.4 Two-seale-factor universality has been confirmed by experiments on the path h = 0 (the critical isochore or the critical isopleth). Along this path measurements of the singular part of the specific-heat per unit volume C s± and of the correlation length near Tc are represented by the expressions
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(The superscripts + and -refer to the one-phase and twophase regions, respectively, and kB is Boltzmann's constant.) The data for t> 0 are consistent with the relation 
The excellent agreement between experimental and theoretical values of the ratio R t and related ratios was discussed in
Refs. 2 and 3. In addition to the above formulation of the principle of two-scale-factor universality, Stauffer et al., made a second assertion, namely, that the free energy per unit area u bel.onging to an interface of area S d -I is a universal temperature-independent number. This second assertion applies to states of two-phase coexistence below Tc where it takes the form
U(S-)d-IlkBT c = universal number=U
Measurements ofthe correlation length in the two-phase region are extremely rare. Thus, to test the second assertion of Stauffer et al., one makes use of the universality of the ratio S + Is -to form the ratio u(S +)d-I/ksT c = universal number==U t.
The assertions embodied in Eqs. (2), (4), and (5) imply a useful relationship between u and C. which does not include the correlation length 
In a recent publication,S one of us (MRM) reviewed the existing literature to test the second assertion of Stauffer et al. for three-dimensional fluid systems with a scalar order parameter. The review concluded that the data for a wide variety of fluid systems are consistent with Eqs. (5) and (6); Gielen et al. 9 at about the same time.
The primary objective of this work is to explore further the conflict between the experimental and theoretical values of U t and ~ ± ). Because there is no conflict for R t =( u t IY +) 1/2 we were led to search for systematic errors in the measurement of u. We have measured the interfacial tension near the consolute points of three binary liquid mixtures. The experimental methods we have used differ from those used in earlier experiments; thus, they are subject to different systematic errors. Our results are summarized in the top three lines of1able I and they are combined with data from the literature to obtain new estimates for the universal amplitude ratios ~ ±) and U t . The new experimental values of y< ± ) and U 1+ are in agreement with the older experimental values. Thus, the conflict with the theoretical values is confirmed by our new data.
In the remainder of this Introduction, we state briefly our motives for selecting experimental techniques and mixtures. Then, in Sec. II we specify the notation and the values we assume for the critical exponents. Section III is a thorough description of our experimental procedures and observations. Section IV contains a description of our results and 
where g = 9.81 m/s 2 is the acceleration due to gravity. It is unlikely that the measurements of Ap are systematically in error because other universal amplitude ratios involving measurements of Ap are in agreement with theory.2.3 Thus one is led to question measurements of the capillary length near consolute points. Often the measurements of the capil. lary length use the capillary rise method. This method makes few demands on the quality of the optical system used and it can have very high resolution, even near T c , if a small capillary is used. However, it is difficult to ensure that a mixture in a small capillary has the same composition as the mixture in bulk. This problem becomes more acute near Tc as the time required for equilibration increases. Furthermore, wetting layers might be quite important in a very small capillary. These problems associated with a confined geometry are avoided by the pendant drop method, which we have used. However, the pendant drop method requires accurate imaging and is sensitive to vibration. We have found that the two methods yield consistent results, although they are subject to different kinds of systematic errors. We note that various capillary wave methods for measuring a have been used near consolute points. These methods require models for the hydrodynamics of the interface and also require careful definition of the optical systems used. They also yield results which are consistent with other techniques.
The binary system methanol + cyc10hexane (ME + CY) was chosen for this study because earlier estimates of Y ± ) for ME + CY appeared to contradict universality. Indeed, the estimates of Y ± ) for ME + CY in Ref. The new values of a are more accurate than the older ones, primarily because they are based on direct measurements of the densities of the coexisting phases. The earlier measurements of a were based on estimates of densities obtained by linear interpolation between the densities of the pure components. 10 The interpolation caused a large/raclional error in b.p because the densities of the pure components are nearly identical in the temperature range of interest.
The binary system triethyl.amine + heavy water (TEA + HW) was chosen for this study because of the availability 11 of very accurate heat capacity m.easurements which have been analyzed using modern values for the critical exponent a. For this mixture, we obtained. accurate values for y< ±) without introducing the uncertainties that occur when published data are reanalyzed.
The binary system triethylamine + water (TEA + W) is useful because there are published heat capacity data 12 which have been reanalyzed by the original authors, II and published data 13 for the capillary length and the densities of the coexisting phases. From the perspective of the experimentalist, TEA + W is quite different from TEA + HW. At the same reduced temperature, b.p for TEA + HW is 40% greater than b.p for TEA + Wand the pendant drops are correspondingly smaller.
II. NOTA rlON AND EXPONENTS
The principle of two-seale-factor universality leads to universal amplitude ratios when it is applied to data along any l.ocus of thermodynamic states sufficiently near To. The extension of this principle to the interfacial tension [Eqs.
( 4 )- (6)] necessarily applies only along the locus of phase coexistence. Along this curve and its smooth extension into one-phase states, the measured quantities of interest are represented. by power laws in the reduced. temperature I. We use the customary notation for the difference between the densities of the coexisting phases (b.p), the interfacial tension, the capiUary length, the molar heat capacity at constant pressure C p ' and the correlation length
Here, R is the gas constant and Pc is the consolute density.
The reduced temperature is defined by I = ( T -Tc ) ITe for the upper consolute point in the ME + CY mixture and by is the first symmetric Wegner correction-to-scaling exponent. In terms of the experimental heat capacity amplitudes, Eq. (6) becomes
1=(T e -T)ITe
where No is Avogadro's number and M is the molecular weight.
We assume that the critical exponents have the values calculated via the renormalization group, 14.15 namely, a = 0.110, /3 = 0.325, v = 0.630, .:l = 0.5. (9) In three dimensions Widom' s scaling law 16 for the in terfacial tension gives 
IU. EXPERIMENTAL MATERIALS AND PROCEDURES
In this section we shall describe the materials used, the method of measurement or the densities of the coexisting phase:;, and Oltr use of the pendant drop method for rneasuring the car,mary l.ength for the in.terface between the two liquid phases, We shall als() describe the drifts of the consolute temperatures of our samples because this turned out to be the factor which limited our ability to take measurements very close to Tc.
A. Materials
AU the chemicals were used as received from their manufacturers. The TEA was designated as "purissima p.a. grade" and the manufacturer l7 • 18 stated that its purity (as determined. by gas chromatography) exceeded 99.5% and that the residue after evaporation was less than 0.003%. The heavy water had been obtained many years ago in sealed glass ampules. The manufacturer l7 • 19 states that its purity exceeded 99.8%. For the TEA + W mixtures, distilled. water was used.
The TEA + Wand TEA + HW mixtures were always studied. in contact with air; however, precautions were taken to minimize evaporation and the exchange of heavy water vapor for water vapor. Our interfacial tension data will be compared with the constant-pressure specific-heat (C p ) data published by Bloemen et al. 11 and Thoen et al. 12. These authors used TEA from the same source we did. The C p data were obtained with a sealed. calorimeter containing stirred liquid samples in contact with their own vapor and a small amount of air. Thus, both the interfacial tension measurements and the C p measurements used similar materials and followed nearly identical paths in thermodynamic space. The consolute temperatures for various samples are listed in Table H . From the data in the table, it appears that our TEA + W sample closely resembles the sample used by Thoen et 01.12 The sample which Derdul1a and Rusanow13 used for interfacial tension measurements appears to differ from these two. The water content of the methanol we used was stated 20 to be less than 0.01 %. The water content of the cyc10hexane was stated 21 to be less than 0.02%. Prior to use with TEA, the silica cells were first cleaned with a chromic acid-potassium permanganate solution. Then, they were rinsed with distilled water, TEA, and then dried. Prior to use with ME + CY solutions, the cells were washed with acetone and then rinsed with methanol and dried several times.
B. Measurement of the density differences
The measurement of the difference between the densities of the coexisting phases is based on Archimedes' Principle. The apparatus is sketched in Fig. I . A hollow fused silica sinker was weighed when it was immersed in the upper phase and then weighed again when immersed in the lower phase.
The liquid mixture under study was contained in a hollow fused silica cylinder (4 cm in diameter and 24 cm high) which in tum was almost completely immersed in a water bath. The temperature fluctuations of the bath were less than ± 0.001 K. A primary concern when using this method is to ensure that the rather large volumes of the two liquid phases are in equilibrium. For this reason a circulating pump was made as follows. The silica cylinder was divided into two compartments which communicated via a small hole on the axis and a vertical tube (Fig. 1) . In the lower compartment, a magnet encapsulated in silica and held in a stainless steel bearing was used as a centrifugal pump to force the lower phase through the vertical tube so that it flowed through the upper phase. Pumping for several minutes was required to thoroughly mix the two liquid phases. After pumping it was necessary to wait for up to an hour (near Tc ) for the droplets made during the mixing process to coalesce and settle.
The hollow silica sinker was almost spherical. It had a volume of 23.771 cm 3 at 21°C. Lead weights sealed inside the sinker raised its weight to 35.592 g. The sinker was attached to the balance with a 0.13 mm diam stainless steel wire which passed through a small hole in a large Teflon stopper. The hole was sealed with a smaller Teflon stopper except for the brief intervals when the sinker was being weighed.
Silica is completely wet by the lower phase of an three mixtures studied. When the sinker was hung in the upper liquid phase, a film of the lower phase would form on the sinker over a period of hours after the pump was stopped. This film would accumulate as a pendant drop on the bottom of the sinker. A similar drop would adhere to the sinker when it was lifted from the lower phase into the upper phase. We expected that such a drop might cause an error in the measurement of the density of the upper phase on the order of (alR)3 6.p where a is the capillary length associated with the liquid-liquid interface and R is the radius of the sinker. In this work, (a/ R ) 3 flp becomes as large as 3 X 10 -4 g/ cm 3 for the TEA + W mixture far from Tc. The data for the density of the upper phase of the TEA + W mixture does have "noise" which becomes as large as 10-3 glcm 3 and might result from wetting films. In future work we intend to use a sinker with a pointed bottom to minimize this effect.
The stainless steel wire is also completely wetted by the lower phase; however, the effects of the lower phase film which forms on the wire are even smaller than the very small effect of the pendant drop on the sinker. Similarly, the effect of the meniscus which forms on the wire when it passes from the upper phase into the lower phase is negligible in ths work.
C. Measurement of the capillary length
The capiUary length for the Jjquid-liquid interface was measured using the pendant drop method. Figure 2 shows a photograph of a pendant drop. We have followed Jennings 22 in measuring the lengths shown in Fig. 2 on photographic negatives to obtain the capillary length. Our primary concerns were to ensure that the liquid phases were in equilibrium and to obtain clear, distortion-free images.
The liquid mixture under study was contained in a flatwindowed quartz spectroscopic cell 2 cm high, 2 em wide, and 5 cm along the camera's optic axis. This cell was sealed with a Teflon stopper. The cell was totally immersed in a water bath which had flat glass windows to facilitate photography. A Teflon encapsulated magnet was used to mix the liquid phases in this cell.
Pendant drops were made using a syringe which was fastened to the spectroscopic cell. A stainless steel hypodermic needle led from the syringe through the Teflon stopper and into the mixture. The needle was bent so that its tip was close to the cell window nearest to the camera. Pendant drops were obtained by tilting the cell to immerse the needle in the lower phase, loading the syringe, straightening the cell, and finally discharging the syringe.
The pendant drop was illuminated with a low pressure sodium lamp. It was photographed through a 20 mm focal length f/3.5 macro lens. An exposure of 1/125 of a second produced a satisfactory image on an ASA 125 black and FIG. 2. Photograph of a pendant drop of the water-rich phase hanging from a hypodermic needle immersed in the triethylamine-rich phase. This picture was taken at 22.06 'C where the capillary length is 0.79 mm. A microscope with a calibrated stage is used to measure three lengths on the negative: the diameter of the needle (d,) , the maximum diameter of the drop (d,) , and the diameter of the drop at a distance d. above the bottom of the drop (d,) white negative. Typically, a magnification of 11 was used. The measurements on the negative were made using a microscope with a calibrated x-y translation stage with a resolution of 0.000 254 cm. The image of the stainless steel needle was used to calibrate the photographic magnification. When the needle was left undisturbed in the upper liquid phase for several hours, a layer of the lower liquid phase slowly formed on the needle and caused difficulties in making reliable measurements of the magnification.
In order to reduce the unwanted vibration of the hypodermic needle and the pendant drops, it was necessary to stop stirring the water bath just before taking the photographs.
The tables provided by Adamson 23 were used to obtain the capillary length from the measurements of de and the "shape factor" dJ de' (See Fig. 2 .) The scatter in the measurements of the capillary length exceeds the errors which propagate from the imperfect measurements of lengths on the negatives. We have no explanation for this. For the ME + CY mixtures near T c ' the methanol-rich phase spontaneously flowed (very slowly) out ofthe hypodermic needle. We have no explanation for this either.
D. Drifts in Tc
Kohler and Rice 24 report that TEA + W soJutions in contact with air, attack Pyrex glass. They observed that Tc for TEA + W solutions decreased as the reaction progressed. In preliminary experiments, we found similar phenomena in a borosilicate glass apparatus. Accordingly, we followed the suggestion of Kohler and Rice in fabricating our apparatus out of fused silica. Nevertheless, we observed a progressive decrease in Tc when the TEA + Wand TEA + HW solutions were in the density apparatus. We documented this effect most ca.refully with the TEA + HW solution. 1~ decreased 2,4 mK/day over a 10 day period.
The decreas(~ did not seem to depend either on the frequency of density measurements or on the duration of the interval between stirring the sample. We were able to detemline Tc with a precision of ± I mK within a few hours and we were able to make measurements of the densities of the coexisting phases at several temperatures in the two phase region in a few hours. Thus the drift in Tc did not degrade the temperature resolution of these data seriously. Data on subsequent days were corrected for the presumed drift in Tc' The drift was verified by redetermining Tc after the conclusion of a series of measurements and then density measurements were repeated at a few temperatures near Tc.
We did not observe drifts in Tc when the TEA + Wand TEA + HW samples were in the smaller cell used for the capillary length measurements. We note that this cel! was nearly fun of liquid and that it was not opened, except for changing samples.
The value of Tc for ME + CY mixtures is extremely sensitive to small additions of water. Tveekrem and Jacobs 25 found that the addition of one part per million (by volume) of water increased Tc by 3.8 mK. We found that Tc for ME + CY sampJ.es in our density apparatus drifted less than 1 mK/day when the apparatus was undisturbed; however, it increased 2-5 mK each time a density measurement was made. This effect limited the temperature resolution of useful data. For this mixture also, the densities ofthe coexisting phases at temperatures nearest Tc were measured between successive determinations of Tc' We believe that this procedure limited the error in Tc-T to less than 5 mK. We were unable to detect effects of much greater amounts of water on the measurements of the density differences. Two samples whose Tc differed by 0.21 ·C had essentially identical values of Bo, the parameter of greater interest in this work. We note that Warren and WebblO found almost identical values for the capillary length parameter, a o , for two ME + CY samples whose Tc differed by 0.39 ·C.
IV. EXPERIMENTAL IRESUl1S
Our experimental results are presented graphically in Figs. 3-8 and analytic representations of some ofthe data are included in this section. We have not carried out elaborate statistical analyses of our data using a variety of models, ranges of fitting, etc. Figures 3, 4, 6 , and 8 convey the precision with which the data can determine the amplitudes B o and ~ (from which we determine 0"0)' If one assumes the universality of A + / A -, u t ' and y< ± ) , systematic errors can be estimated by comparing the ratios from diverse systems in Table I , for which the errors of measurement greatly differ. For the reader who is concerned with a particular form of analysis, we have tabulated the data in the appendix. 24 In Fig. 6 the scaled density differences for the same mixtures are plotted.. In the range 10 -3.3 < -t < 10-2 our TEA + W data can be represented by the expressions f¥1(2pc) = 0.420 ( -t) The difference between the data sets exceeds plausible errors of measurement and probably reflects differences in the purity of the TEA. This 2! % difference would lead to a 2! % effect in the universal amplitude ratios. In Sec. HI. we stressed that our TEA comes from the same source as the TEA used for the heat capacity measurements and correlation length measurements which we use to compute the amplitude ratios. Thus, for the ME + CY system, the leading coefficient in the expansion of f¥ is reasonably insensitive to the range of the fit or the form of the cOrrection tenns, It is interesting to note that the corrections to the leading singularities are much more evident in the Ap data than in the capillary length data. This is not solely a result of the greater precision of the Ap data. This same feature appears in the data for pure fluids near the liquid-vapor critical point. S
V. COMPARISON OF THEORETICAL AND EXPERIMENTAL AMPLITUDE RATIOS
The renormalization-group (RG) value for U t in Ta Our new data for 0'0 for TEA + Wand TEA + HW lead to amplitUde ratios in good agreement with those for other fluids, although our data rely on very different measurement techniques. It is also significant that the new data for ME + CY, 3He, and 4He lead to amplitude ratios in much better agreement with the ratios for other fluids than the older data discussed in Ref. 5. (In Ref. 5, yi ±) for ME + CY were 500% higher than the median value for other fluids and r ±) were 20% higher for 3He than for other fluids. ) We believe that the remaining differences between the experimental and the theoretical amplitUde ratios cannot be explained by systematic errors in the experiments. One may speculate that interfacial tension data with -t<1O-3 (the practical limit of our measurements) would reconcile the experimental and theoretical amplitude ratios. In this context, we note that the Ising model simulations 4 are further from Tc than the fluid data. The simulations occur in the very narrow temperature range 0.01 < -t < 0.02 and are carried out on systems with dimensions L in the range l<L It<3.
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APPENDIX: The density data are quoted to higher precision than their accuracy to preserve the precision of the density differences. 
